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Atmospheric N deposition has increased dramatically in China due to rapid industrial, agricultural and urban development, greatly affecting carbon cycling. Whilst C emissions may increase by elevated N deposition, limitation in the accessibility of substrates to decomposers within soil aggregates may dampen soil microbial activity, and thereby physically protect organic carbon from decomposition. In this study, we explore whether physical protection by soil aggregates could stabilize soil organic carbon, thereby dampening C loss rates. In this study, additional nitrogen deposition of 0, 50, 100, 200 and 300 kg N ha-1 (3 replicate 10 m × 10 m plots of each) was applied to a Schima plantation in southeast China. Several soil parameters and microbial biomass C and N in bulk soil, as well as in different soil aggregate size fractions (0.25-1 mm, 1-2 mm, 2-5 mm and 5-8 mm) were analyzed. With increasing N deposition, the total nitrogen (TN), electrical conductivity (EC) and NH4+-N increased, pH and C/N declined, and soil organic carbon (SOC) did not change both in bulk soil and soil aggregates. In bulk soil, regression analysis revealed that simulated N deposition led to a significant decrease in microbial biomass carbon (MBC) and an increase in microbial biomass nitrogen (MBN), while no alterations were observed for SOC, dissolved organic C (DOC) and hot-water extracted organic C (HWOC). In soil aggregates, regression analysis revealed that MBC in 0.25-1 mm aggregate size fraction and MBN in 1-2 mm and 5-8 mm aggregate size fractions significantly decreased with an increase of N deposition, while DOC in 0.25-1 mm and 2-5 mm aggregate size fractions significantly increased with increasing N deposition. No significant alteration in SOC and HWOC were observed with simulated N deposition for all aggregate size fractions. However, both DOC and HWOC in all aggregate size fractions were significantly greater compared to that of bulk soil. More specifically, MBN in soil aggregates were 61.79%-69.86% less than in bulk soil (p<0.05), MBC in 1-2 mm, 2-5 mm and 5-8 mm aggregate size fractions was 20.69%, 15.74% and 13.36% less than in bulk soil, respectively. Concentrations of DOC, HWOC and MBC/MBN in soil aggregates were 41.02%-66.40%, 91.30%-104.45% and 151.09%-165.22% greater than in bulk soil (p<0.05), respectively. The ratios of DOC/SOC and HWOC/SOC in soil aggregates were 37.99%-86.03% and 80.51%-140.77% greater than bulk soil, respectively. These results demonstrated that physical protection by soil aggregates decreased microbial activity, which impeded SOC decomposition and resulted in higher DOC, HWOC concentrations and their proportions in SOC compared to bulk soil. However, as the levels of DOC and HWOC were very low compared to SOC, simulated N deposition did not impact SOC in the short time of this experiment. 
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1. Introduction
The rate of N inputs into the terrestrial N cycle on a global scale continues to increase at a record pace due to intensive anthropogenic activities, particularly agricultural fertilizer use and fossil fuel combustion. Nitrogen deposition in 1860 was only 15 Tg N year-1, but it was 103 Tg N year-1 in 1990, 156 Tg N year-1 in 1995 and 187 Tg N year-1 in 2005 (Galloway et al., 2008). China is the world’s largest producer and emitter of reactive nitrogen (Liu et al., 2011). Between 1980 and 2010, China’s average annual bulk N deposition increased by about 60%, reaching an annual deposition to soil of 21.1 kg N ha-1 (Liu et al., 2013). Continuous increases of N deposition in terrestrial ecosystems increase environmental and ecological risk by enhancing NH4+ nitrification and NO3- leaching (Wang et al., 2008), decreasing pH (Keeler et al., 2009), shifting soil microbial community structure (Frey et al., 2004), increasing soil respiration (Janssens et al., 2010) and thereby decreasing carbon sequestration (Wei et al., 2012). These impacts weaken ecosystem health (Stevens et al., 2004), biodiversity (Sala et al., 2000) and ecosystem susceptibility to secondary stresses (Witzell et al., 2004). 
Anthropogenic N deposition has a large impact on carbon sequestration in terrestrial ecosystems (De Vires, et al., 2009). As soil N availability often limits or accelerates plant growth, atmospheric N deposition may alter the accumulation of soil organic matter (SOM) through changing litter production and SOM long-term decomposition rates. 
The impacts of elevated N deposition on carbon emissions could be particularly significant in forest ecosystems. Forest ecosystems fix about two-thirds of the organic C of terrestrial ecosystems, with 81% organic C stored in soil, and 19% in plants (Kramer, 1981; Waring and Schlesinger, 1985; WBGU, 1998; Fan et al., 2007). Even a slight decline in soil organic C storage due to anthropogenic activity may cause a significant enough increase in atmospheric CO2 concentrations, causing impacts to the global climate system (Allison and Jastrow, 2006). Galloway (1994) predicted that about two-thirds of global N inputs will be deposited on tropical and subtropical regions in 2020. Rapid urban, industrial and agricultural development has led to the subtropical area of China to become a major N deposition region in the globe (Richter et al., 2005). Whilst there have been numerous stimulated N deposition experiments in temperate and boreal forests ecosystems, very few have focused on tropical and subtropical forests (Chen and Mulder, 2007; Wei et al., 2012; Thomas et al., 2010). As tropical and subtropical forests areas account for 42% of global forested land area and the volume of forest carbon stocks in this region accounts for 37% of the global forest ecosystem’s carbon storage (Fan, 2007; Kramer, 1981; Waring, 1985; WBGU, 1998), this presents a significant weakness in understanding. Moreover, tropical and subtropical forests account for 46% of the global terrestrial vegetation and 11% of the world soil C pool (Fan, 2007; Kramer, 1981; Waring, 1985; WBGU, 1998). Given the rapid C turnover rates of tropical and subtropical forests, this C pool could be very sensitive to elevated N deposition. 
Considerable research has examined the effects of atmospheric N deposition on soil carbon sequestration (Bowden et al., 2004; Vries et al., 2006; Jastrow et al., 2007; Wei et al., 2012), but most of these studies focus on how N deposition alters the inputs and outputs of organic carbon based on bulk soil measurements in the soil ecosystems. The mechanisms of organic C stabilization under elevated atmospheric N deposition and its relationship to soil structure and aggregates has been inadequately considered (Pan, 2007). A major mechanism for sequestering carbon in soils is physical protection by soil aggregates and the adsorption of organic C to soil minerals (Sollins et al., 1996; Feller and Beare, 1997; Balesdent et al., 2000). The inaccessibility of organic C protected in soil aggregates from microbial degradation is evident from the greater SOC storage in these structural components compared to bulk soil (Bossuyt et al., 2005). Carbon quality is also affected by soil aggregate structure, with more labile organic C stored in macroaggregates (>0.25 mm) than in microaggregates (<0.25 mm) (Six et al., 2000; Fansler et al., 2005). This suggests the importance of soil physical structure (different aggregate size fractions) in soil organic C cycling under elevated N deposition, which is not yet thoroughly explored for forest ecosystems. 
A major soil associated with tropical and subtropical regions in China are red soils (Acrisols), that cover 23% of China’s land area. They are acidic, formed of weathered clays, have a low fertility, are susceptible to losses of SOM, and require intensive management to be productive (Chou, et al., 1997). In China, acidification and nutrient depletion significantly hinders plants growth on red soils (Pan, 1992). Due to the low SOM content, high unsaturated base cation and weak acid buffering ability of red soils, they are also very sensitive to N inputs (Sun, 2006; Sun, 2007b). Sun (2007a) reported that the pH of red soil under forest in Jiangxi province declined from 5 in 1989 to 4.3 in 2003 due to N deposition. 
This study explores how elevated N deposition from the atmosphere affects carbon storage in red soils, taking into account the impact of soil aggregate structure. We hypothesized that elevated N deposition may influence soil microbial activity and soil organic carbon through alterations in soil C/N, soil properties (such as pH, NH4+, EC) and enzyme activities. The relative stability of microhabitats and inaccessibility within soil aggregates may delay air, water, nutrient and external microorganisms movement into interiors of soil aggregates, and therefore physically protect organic carbon against microbial decomposition and leaching. The objectives of this study were to: (i) analyze effects of N deposition on soil organic C pools and microbial biomass in bulk soil and soil aggregates; (ii) test whether soil aggregates could stabilize soil organic carbon by physical protection as a response to N deposition. This research at the soil aggregate level could provide important data and insight on the impact of atmospheric N deposition on forested red soils on C cycling, which could represent a significant component of the global C budget.

2. Materials and Methods
2.1. Study site
The study was conducted in the Dalingshan Forest Park of Dongguan city, Guangdong, China（E113°42′22″ - 113°48′12″，N 22°50′00″ - 22°53′32). The research site has a typical subtropical monsoon climate with warmth and humidity over the whole year. The mean annual precipitation is 1790 mm and mean annual temperature is 21.7℃. There are 350 frost-free days in a year, with a long summer and short winter. The landform is low mountains and hills, and the elevation is 150-450 m above sea level. The experimental forest was established in the Schima plantation, which is located in the Dongguan Forestry Science Park, Guangdong, China. The Schima was planted in 1980 on an east-south hill with 6-8° slope, covering an area 0.15 ha. Schima is the main precious broadleaf timber wood species due to its rate of growth and wood quality. After 30 years growth, Schima became a dense forest, with low water losses and soil erosion. In addition to Schima, there is a sparse vegetation understory covered with Pteridium aquilinum var. latiusculum, Psychotria rubra, Desmos chinensis and Evodia lepta. A small amount of litter covered the soil surface, with total litter about 672.14 ± 41.68 g m-2 year-1. The weight loss rate of Schima leaf litter decomposition was about 41.5% over one year (Zheng, 2009).
The soil is classified as latosol red soil (Ferralsols), formed over a granite parent material. Before stimulated N deposition the soil at the experimental site had pH 3.83 ± 0.01 (mean±standard error, n=15), soil organic carbon (SOC) 25.68 ± 0.50 g kg-1, total nitrogen (TN) 1.59 ± 0.05 g kg-1, vegetation density of 806 ± 49 trees ha-1, average diameter at breast height of 19.31 ± 0.31 cm, and average tree height of 12.53 ± 0.13 m. 
2.2. Experimental treatments
Dongguan is a developed economic city with rapid urbanization, industrialization and agricultural intensification. Nitrogen deposition severely influences this area. In 2012, N deposition from precipitation was about 50.66 kg N ha-1 y-1 in the Pearl River Delta region, while the highest amount reached at 96 kg N ha-1 y-1 in larger cities, such as Guangzhou, Zhuhai and Dongguan (Liu et al., 2013). To reflect typical N deposition in south China, and following the intensity and frequency in the NITREX and EXMAN projects (Wright et al., 1998; Gundersen et al., 1998; Wang et al., 2008), nitrogen deposition experiments were initiated in December 2011 consisting of: (i) N0 (no added N); (ii) N50 (additional input of 50 kg N ha-1 y-1); (iii) N100 (additional input of 100 kg N ha-1 y-1); (iv) N200 (additional input of 200 kg N ha-1 y-1); and (v) N300 (additional input of 300 kg N ha-1 y-1). Urea (AR) was applied as the N fertilizer. Fifteen plots (five N treatments, each with three replicates) of dimensions 10 m × 10 m were randomly established, each surrounded by a 10-m-wide buffer strip. Urea solution was sprayed monthly by hand as 12 equal applications over the whole year onto the forest soil of these plots. Litter was left in place. Fertilizer was weighed, mixed with 16 L of water, and applied to the plots using a backpack sprayer on a day following at least 3 days of no rain to ensure N was not rapidly leached. Two passes with the sprayer were made across each plot to ensure an even distribution of fertilizer. To lower the influence brought by extra water, the control plots received 16 L water without added N. 
2.3. Soil sampling
After one year of simulated N application (from December 2011 to December 2012), soil was sampled from 0 to 5 cm depth. Sampling occurred at 8-10 random locations in each experimental plot, with a bulk sample and an intact sample taken adjacent to each other. Each of the bulk and intact samples were bulked to form one larger (5000 g) sample for each experimental plot. The fresh soil was immediately taken back to the lab and air dried to approximately the plastic limit (0.22-0.25 g g-1 water content), which allowed limited mechanical stress to induce brittle failure along the natural planes of weakness. The intact samples were broken by hand along natural failure surfaces to obtain a range of aggregate sizes less than 8 mm. Both bulk and aggregated samples had leaves, plant roots and gravel removed with tweezers. Bulk soil was passed through a 2 mm sieve and then thoroughly mixed. The aggregated soil was separated into different size fractions by gently shaking the samples through a range of sieves to obtain the aggregate size fractions <0.25 mm, 0.25-1 mm, 1-2 mm, 2-5 mm, and 5-8 mm . Soil aggregate fractions obtained by the dry-sieving method have been successfully used to analyze SOC pool and microbial properties (Muruganandam et al., 2009). Macroaggregates (>0.25 mm) may consist of more labile particulate organic matter, and the stability and labile organic matter of macroaggregates are easily affected by environment change and human activity compared to microaggregates (<0.25 mm) (Fansler et al., 2005). As a consequence, physical protection of labile organic carbon response to simulated N deposition might be more typical in macroaggregates. Therefore, soil smaller than 0.25 mm in soil aggregate was removed.
For each experimental plot, about 200 g samples of fresh bulk and aggregated soil were stored at 4 oC for less than one week before the determination of soil microbial biomass C (MBC) and microbial biomass N (MBN), enzyme activity, NH4+-N, and NO3--N. Another 200 g of soil was air-dried and then used for pH, electrical conductivity (EC), soil texture, SOC, dissolved organic carbon (DOC) and hot water extractable organic carbon (HWOC) measurements.
2.4. Analytical methods 
The soil pH was measured with a pH meter in a 1:2.5 (w/w) soil-to-water suspension. EC was measured with an EC meter. Particle size distribution was analyzed using a Laser Grain-size Analyzer (Malvern Instruments Inc., Worcestershire, UK). SOC was measured using the K2CrO7–H2SO4 oxidation procedure. Soil NH4+-N and NO3--N were determined by indophenol blue colorimetric method and ultraviolet spectrophotometry, respectively (Lu, 2000). 
DOC and HWOC were extracted using the method of Ghani et al. (2003), and determined by the micro-quantitative carbon method. Briefly, DOC was extracted by adding 100 ml double-distilled water with a 1:10 (w/v) soil-to-water ratio into 10 g of soil sample, and agitated on an orbital shaker at 120 rpm for an hour at room temperature. Next, a separation was done by centrifugation at 3500 rpm for 20 min. The supernatant was filtered with a microfiltration membrane to obtain DOC. HWOC was also extracted with a 1:10 (w/v) soil-to-water ratio into 10 g of soil sample, and shook for 5 min with sufficient mixing. It was then hydrolysed for 16 h at 80 ± 1℃, and HWOC was measured using the same procedure as DOC.    
Soil MBC and MBN were determined by the chloroform-fumigation-extraction method (Joergensen et al., 1996). Briefly, 20 g (equivalent of dry weight) of either bulk soil or one soil aggregate size fraction was placed in a vacuum desiccator containing 25 ml chloroform (CHCl3) with ethanol. A vacuum was applied and chloroform kept boiling for 3 minutes. The vacuum was removed and the desiccator remained sealed and stored in the dark for 24 h at 25℃. CHCl3 was then flushed from the desiccator by repeated application of a vacuum. At the same time, another sample of the same weight was exposed to the same vacuum and storage without fumigation. Organic C from fumigated and non-fumigated soil was extracted with 0.5 M K2SO4 at a 1:4 (w/v) soil-to-extractant ratio and shaken for 1 h at 150 rpm. After filtering, C and N in the filtrate were determined by the micro-quantitative carbon method and the micro-Kjeldahl’s method, respectively. MBC and MBN were calculated by the difference in the value between the fumigated treatment and non-fumigated treatments. To correct for incomplete extraction, MBC was calculated using a kEC factor of 0.38 and MBN was corrected by a kEN factor of 0.54.
2.5. Statistical analysis
   The contributing rate of each soil aggregate size fraction in SOC was calculated as follows: 
   Contributing rate (%) = [∑(the content of SOC in each aggregate size fraction ×mass proportion of each aggregate size fraction)/SOC content in bulk soil] ×100.          (1)
   We used one-way analysis of variance (ANOVA) to determine the effect of simulated N deposition on pH, EC, NH4+-N, SOC, TN, ratio of C/N, DOC, HWOC, MBC, MBN and the ratio of MBC/MBN in bulk soil and each soil aggregate size fraction. Significant differences among means were accomplished by using LSD (lest significant difference test) Post Hoc test method. The same test evaluated the effect of simulated N deposition on soil aggregate size fractions. Since soil aggregate size fractions are not independent, general linear model analysis of variance designed for split-plot ANOVA was performed, with N deposition as the main factor (between subject) and aggregate size fractions as sub-factor (within subject) to test N deposition, aggregate size fractions, and/or their interactions on SOC, DOC, HWOC, MBC, MBN and MBC/MBN ratio. Significant differences were also evaluated by a LSD Post Hoc test. Pearson correlation analysis was used to examine the relationship among soil parameters. All statistical analyses were carried out in SPSS version 19.0, and significance for all statistical analysis was accepted at p<0.05. Graphs and linear regressions were made by Origin 8.5, and t-tests to compare slopes of regression lines were carried out by the method from Zaiontz (2013).
3. Results
3.1. Effect of simulated N deposition on soil properties, SOC pools and microbial biomass in bulk soil
3.1.1 Soil properties from simulated N depositions in bulk soil
Soil pH in bulk soil decreased significantly with an increase of N deposition (r = -0.738, n=15, p< 0.01), with the pH of treatment N300 and N200 being significantly less than N0 (p<0.05). Soil EC and NH4+-N increased significantly with increasing N deposition, having correlation coefficients of 0.881 and 0.716 (n=15, p<0.01), respectively (Fig. 1). EC and NH4+-N in treatment N300 were 30.19%-55.58% and 165.43%-190.96% more than treatments N0, N50 and N100, respectively (p<0.05). 
SOC contents in bulk soil ranged from 27.66 to 48.00 g kg-1 (Fig. 2), and no significant differences were found between all treatments. Regression analysis found TN contents and C/N ratios were significantly correlated with the amount of N deposition (p<0.05), but ANOVA analysis showed no significant difference between all treatments in bulk soil (p>0.05) (Fig.2).
3.1.2 Effect of simulated N deposition on SOC pools and microbial biomass in bulk soil
   In bulk soil, both DOC and HWOC contents were not influenced by N deposition (p>0.05) (Fig.3). Regression analysis showed that MBC contents significantly decreased with an increase of N deposition (p<0.05). However, MBN contents increased significantly with increasing N deposition, with MBN of treatment N300 was 18.65%-65.42% greater than the other treatments (p<0.05) (Fig.3). Soil MBC/MBN decreased markedly with increasing N deposition (p<0.05), treatment N300 was significantly lower than in N0 and N50 (p<0.05).
3.2. Effect of simulated N deposition on soil properties, SOC pools and microbial biomass in soil aggregates
3.2.1 Influence of simulated N deposition on the distribution of aggregate size classes
Nitrogen deposition did not affect on the distribution of aggregate sizes determined by the dry-sieving method. When averaged across N deposition, different aggregate size fractions as a percentage of total soil mass were: <0.25 mm, 6.12%, 0.25-1 mm, 22.72%, 1-2 mm, 19.33%, 2-5 mm, 17.08% and 5-8 mm, 34.75%. The percentage of 5-8 mm aggregate size fraction of all the treatments was 3.55 to 7.46 times greater than <0.25 mm（p<0.05）(Table 1).
Table 1 Soil aggregate size fractions distribution at 0-5 cmsoil depth with additional N deposition: N0 (no added N); N50 (additional input of 50 kg N ha-1 y-1); N100 (additional input of 100 kg N ha-1 y-1); N200 (additional input of 200 kg N ha-1 y-1); and N300 (additional input of 300 kg N ha-1 y-1)
3.2.2 Soil properties from simulated N deposition in soil aggregates
Soil pH in 2-5 mm and 5-8 mm aggregate size fractions decreased significantly with an increase of N deposition (p< 0.05). However, soil EC and NH4+-N significantly increased with increasing N deposition in each aggregate size fractions. EC and NH4+-N in treatment N300 were 18.45%-69.74% and 10.47%-119.83% greater than other treatments, respectively (p<0.05). 
Fig.1 Soil pH, EC and NH4+-N in bulk soil and aggregated soil with simulated N deposition
In soil aggregates, N deposition had no effect on SOC content. TN contents increased with increasing N deposition. Regression analysis found a significant positive correlation between TN and the amount of N deposition in 0.25-1mm, 1-2 mm and 2-5 mm aggregate size fractions (p<0.01) (Fig.2). The slope of TN regression in 1-2 mm aggregate size fraction was significantly greater than that in bulk soil (p<0.05). In soil aggregates, there was a strong variation of TN content among different aggregate size fractions. For the same N deposition, TN contents for 2-5 mm and 5-8 mm aggregate size fractions were significantly higher than 0.25-1mm and 1-2 mm aggregate size fractions (p<0.05) (Fig.2). 
The C/N ratios decreased with increasing N deposition. Regression analysis found a significant negative impact on C/N with increasing N deposition in 0.25-1mm and 1-2 mm aggregate size fractions (p<0.05) (Fig.2). The slope of C/N regression of the 1-2 mm aggregate size fraction was significantly greater than in bulk soil (p<0.05). For the same N deposition, the highest C/N ratio in the 1-2 mm aggregate size fraction was 1.35 to 1.77 times higher than that in 5-8 mm aggregate size fraction (p<0.05). 
Similar concentrations of SOC and TN in bulk soil and 5-8 mm aggregate size fraction were found in the experiment, with corresponding changes in C/N ratios, whereas for 0.25-1 mm and 1-2 mm aggregate size fractions, the results of TN and C/N ratios were significantly different from that of bulk soil and 5-8 mm aggregate size fraction (p<0.05).
Fig.2 Soil organic carbon (SOC), total nitrogen (TN) and C/N ratio in both bulk soil and aggregated soil were plotted as a function of simulated N deposition
3.2.3. Effect of simulated N deposition on soil active organic C in soil aggregates 
Significant effects on DOC contents caused by simulated N deposition were observed in the 5-8 mm aggregate size fraction. Regression analysis revealed that there were significant positive effects on DOC contents with increasing N deposition in the 0.25-1 mm and 2-5 mm aggregate size fractions (p<0.05). For the same N deposition, soil aggregates had a remarkable influence on soil DOC contents (p<0.001), with the smallest DOC content in 5-8 mm aggregate size fraction, with average values that were 12.54% and 15.25% lower than 1-2 mm and 2-5 mm aggregate size fractions (p<0.05), respectively (Fig.3). In comparison to bulk soil, each soil aggregate size fraction had a significant effect on soil DOC contents (p<0.05), with average values 48.74%, 58.71%, 66.40% and 41.02% higher in 0.25-1mm, 1-2 mm, 2-5 mm and 5-8 mm aggregate size fractions than in the bulk soil, respectively (Fig.3). The ratios of DOC/SOC in soil aggregates were 37.99%-86.03% higher than that in bulk soil.
There was no impact of N deposition on soil HWOC contents in soil aggregates. However, soil aggregates had significantly higher concentrations of HWOC contents (p<0.01) compared to bulk soil. The HWOC contents in all the aggregate size fractions for each N deposition were 1.7 to 2.5 times greater than that in the bulk soil. The ratios of HWOC/SOC in soil aggregates were 80.51%-140.77% greater than that in bulk soil.
Fig.3 Dissolved organic carbon (DOC) and hot-water extractable organic carbon (HWOC) plotted as a function of simulated N deposition
3.2.4. Effect of simulated N deposition on soil microbial biomass in soil aggregates
MBC contents decreased with increasing N deposition in soil aggregates. Regression analysis found a significant negative impact on MBC related to N deposition in 0.25-1 mm aggregate size fraction (p<0.05) (Fig.4). For the same N deposition, MBC content in 0.25-1 mm aggregate size fraction were significantly greater than in the other three aggregate size fractions (p<0.05). Compared to bulk soil, 1-2 mm, 2-5 mm and 5-8 mm aggregate size fractions had significantly lower effect on the MBC content (p<0.05), with the average value of 20.69%, 15.74% and 13.36% lower, respectively (Fig.4). 
Whereas in bulk soil, MBN content increased as expected with increasing N deposition to the soil, the trend reversed in soil aggregates. Regression analysis found significant negative impacts on MBN in 1-2 mm and 5-8 mm aggregate size fractions with increasing N deposition (p<0.05), with the highest application of N300 having 46.93% and 59.66% lower MBN than N0, respectively (p<0.05). Compared to bulk soil, aggregate size fractions had significantly lower MBN (p<0.05). The MBN in bulk soil was 1.8 to 6 times greater than that in each aggregate size fraction of each N deposition. 
   The ratio of MBC/MBN increased with increasing N deposition in soil aggregates, and a significant difference was found in 2-5 mm aggregate size fraction (p<0.05). Regression analysis found a significant positive effect in the 5-8 mm aggregate size fraction (p<0.01). Soil aggregates had a significantly higher MBC/MBN ratio compared to that of bulk soil, with 1.63 to 4.98 times greater than that in bulk soil (p<0.05).
Fig.4 Soil microbial biomass carbon (MBC), microbial biomass nitrogen (MBN) and MBC /MBN were plotted as a function of simulated N deposition
3.3. Effect of N deposition, soil aggregate size and their interaction on SOC pools and microbial biomass 
Split-plot analysis revealed that no significant interactions were found between N deposition and aggregate size fractions in SOC pools and microbial biomass (p>0.05) (Table 2). 
Since N deposition × aggregate size interactions were not significant, values for N deposition were derived by averaging across aggregate size fraction, and values for aggregate size fractions were derived by averaging across N deposition. Split-plot ANOVA analysis revealed that N deposition significantly affected the concentrations of MBN and the ratio of MBC/MBN. MBN content was significantly decreased with increasing N deposition, and MBN in treatments N0 and N50 were 28.46%-37.39% and 26.85%-35.57% greater than other treatments (p<0.05), respectively. MBC/MBN markedly increased with increasing N deposition, with treatment N300 being 26.83% and 23.22% greater than treatments N0 and N50, respectively.
Soil aggregate size fractions had a statistically significant effect on the contents of SOC, DOC, MBC and MBN (p<0.05). SOC and DOC contents first increased and then decreased as aggregate size got larger, and the greatest contents were in the 2-5 mm aggregate size fraction, being 12.28%-18.80% and 11.87%-18.00% greater than 0.25-1 mm and 5-8 mm aggregate size fractions, respectively (p<0.05). MBC and MBN contents were both showed 0.25-1 mm > 5-8 mm > 2-5 mm > 1-2 mm, and MBC and MBN in 0.25-1 mm size fraction were 16.75%-23.80% and 11.93%-15.65% higher than the other three size fractions, respectively (p<0.05).
Table 2 The effect of N deposition (between subject), soil aggregate size (within subject) and their interaction on soil organic carbon pools and microbial biomass (split-plot analysis)
3.4. Contributing rate of each soil aggregate size fraction in SOC 
In each simulated N deposition treatment, the average contributing rates of 0.25-1 mm, 1-2 mm, 2-5 mm and 5-8 mm aggregate size fractions to SOC were 21.40%, 20.74%, 18.83% and 33.67%, respectively.   Although 5-8 mm aggregate size fraction had a smaller SOC content (34.62 g kg-1) among the four aggregate size fractions, it had the greatest mass proportion in bulk soil, so the contributing rate of 5-8 mm aggregate size fraction was greater than the other three aggregate size fractions (p<0.05). The total contributing rates of four aggregate size fractions to SOC were 92.35%-97.91%. However, N deposition had no significant difference on contributing rates (p>0.05).
Table 3 Contributing rates of each soil aggregate size fraction in SOC (%)

4. Discussion
In the present study, SOC stability showed no change under simulated N deposition in bulk soil, but it was greatly stabilized by physical protection from soil aggregates. MBN in each aggregate size fraction and MBC in 1-2 mm, 2-5 mm and 5-8 mm aggregate size fractions were significantly lower than that in bulk soil (p<0.05). However, concentrations of DOC, HWOC and their proportions in SOC in each aggregate size fraction were significantly greater than in bulk soil (p<0.05). This is likely because soil aggregation impedes infiltration rate and gaseous exchange between the soil and environment, leading to restraint of soil microorganism activity and enzymatic reaction inside the aggregates, resulting in suppression of SOC decomposition and elevation of DOC and HWOC concentrations in soil aggregates (Mikutta et al., 2006; McDowell et al., 2004; Bossuyt et al., 2005).
4.1. Effect of simulated N deposition on soil microbial biomass and soil organic carbon 
Anthropogenic N deposition may alter key processes controlling the cycling of C and N in forest ecosystems (Berg and Matzner, 1997 (​http:​/​​/​www.sciencedirect.com​/​science​/​article​/​pii​/​S0038071702000743" \l "BIB4​)), and thereby alteration in SOC stability. Consistent with our hypothesis, simulated N deposition influenced soil microbial and SOC stability by virtue of alterations to soil TN, C/N, soil pH, EC, and NH4+. In the present study, with an increase of N deposition, TN contents increased significantly, while C/N ratios declined accordingly, and SOC showed no change in both bulk soil and aggregates (Fig. 2). Soil microbial biomass is regarded as an integrative and sensitive factor of the physiological activity of soil microbiota (Bailey et al., 2002). In our experiment, we observed that simulated N deposition led to significant decreases of soil microbial biomass in both bulk soil and aggregates. MBC contents decreased with increasing N deposition in bulk soil and aggregates, and regression analysis showed there were significant negative impacts on MBC with increasing N deposition in bulk soil and 0.25-1 mm aggregate size fraction (p<0.05) (Fig.4). This response may result from an indirect impact of simulated N deposition on microbial C acquisition, and thus energy available for heterotrophic metabolism (Deforest et al., 2004). MBN contents also decreased with increasing N deposition in soil aggregates. The significant decline of microbial biomass in both bulk soil and aggregates may result from great alteration in pH, EC, NH4+, enzyme activity and microbial community function response to increasing N deposition. Obvious negative correlations in both bulk soil and aggregates (r =-0.738, -0.488, respectively, p<0.01) were found between the amount of N deposition and pH (Fig. 1). Soil pH is considered an important indicator that controls microbial activity, function and structure of microbial diversity and enzyme kinetics (Rousk et al, 2009; Wang et al, 2014) due to its strong effects on organic carbon, nutrient availabilities, and enzyme activities (Pietri and Brookes, 2008). However, EC and NH4+ concentration in both bulk soil and aggregates rapidly accumulated with increasing N deposition, their correlation coefficients reached 0.881 (p<0.01), 0.716 (p<0.01) in bulk soil and 0.836 (p<0.01), 0.737(p<0.01) in soil aggregates, respectively. As a result of high soil EC, the ionic strength would be a greater, possibly causing a decline of soil osmotic potential, and hence the availability of water to microbial communities (Deforest et al., 2004). Another aspect, when urea entered into the forests soil, is rapid assimilation by soil microorganisms and subsequently released NH4+. Previous studies demonstrated that excess NH4+ in soil would suppress the activity of soil lignin-degrading fungi (Deforest et al., 2004). Therefore, N deposition could greatly reduce the abundance of soil microbes and lower complete degradation of lignin and other polyphenols by soil microbial communities (Mark, et al., 2004; Carreiro et al., 2000), which corresponded to a reduction in microbial biomass. Our previous results in this experiment have shown that anthropogenic N deposition could inhibit soil urea activities, urea activities were significant correlated with soil MBC, with coefficients of 0.730 (n=15, p<0.01) in bulk soil and 0.271 (n=60, p<0.05) in soil aggregates (Zhong, et al., 2015). However, MBN content in bulk soil had a positive linear correlation with N deposition (r=0.898, p<0.001). This result may be due to strong assimilation ability of soil biota for mineral nitrogen (Jackson, et al., 1989; Kuzyakov and Xu, 2013), although N deposition has a negative impact on soil microbial biomass by suppressing the abundance and activity of fungi, which degrade lignin (Deforest et al., 2004; Treseder 2008 ). As a consequence, the residence time of exogenous N in soil increased. This assimilation process, as an essential part of soil N cycle, plays a crucial role in the protection and continuous use of soil nitrogen.
Although soil microbial biomass varied under simulated N deposition, SOC and HWOC were remarkably insensitive to the biological changes associated with N deposition, and DOC was significantly increased as a result of N deposition in 0.25-1 mm and 2-5 mm soil aggregate size fractions. The SOC result was consistent with the study of Magill et al. (2004), who had not found a detectable change after 15 years of chronic nitrogen addition at the Harvard Forest. The reason for the response may be related to SOC stability characteristics. The DOC and HWOC concentrations were the dynamic balance as a result of production and consumption of soil organic carbon (McDowell et al., 2004). Considerable studies have explored the effect of simulated N addition on soil DOC release. Some studies supported that N addition increased soil DOC leaching (Pregitzer et al. 2004; Bragazza et al. 2006), while others did not (Worrall et al. 2006). Evans et al. (2008) pointed out that changes in soil DOC contents in response to N additions were affected by the form of N fertilizer. They found that DOC increased in response to de-acidifying N additions, and decreased in response to acidifying N additions based on a review of 12 long-term field N addition experiments. The acidity-change mechanism may be a reasonable predictor of DOC response (Evans et al. 2008). In our experiment, we applied Urea as the N addition which was a different N form from the experiments mentioned by Evans. However, Urea is considered as a de-acidifying N addition as it can be easy hydrolyzed into ammonium carbonate by soil urease (Havlin, et al., 2013). According to the Evans et al.’s (2008) acidity-change mechanism, DOC concentration will be increased in response to N addition. However, we only observed the consistent results in 0.25-1 mm and 2-5 mm aggregate size fractions in our experiment (Fig. 3). DOC is a dynamic soil property, its concentration determined by the balance of decomposition and production of DOC (Chow, Et al. 2006). The higher temperature and rainy subtropical climate condition of the subtropical China field experiment we explored could have enhanced the interaction between C and N when N deposition, thus accelerating SOM decomposition and N transformation (Gill, 2014). On the other hand, leaching loss of soil DOC and addition N due to frequent rainfall may also cover up the effect of N deposition on soil DOC (Bragazza et al. 2006).
4.2. Effects of soil aggregates on microbial biomass and soil organic carbon pools
Soil aggregates are considered as microbial habitats occupied by fungi, bacteria, protozoa, and other microorganisms, with different soil aggregate size fractions providing diverse microhabitats for microorganisms (Hattori, 1988). Bulk soil was made by thoroughly crushing soil aggregates and homogenous mixing. In collecting soil aggregates, soil smaller than 0.25 mm was removed, so different total fractions of the bulk soil were studied. In the present study, MBN contents in bulk soil increased significantly with increasing N deposition, while the opposite results were obtained in soil aggregates. Moreover, there was no significant difference in DOC in bulk soil by N deposition, but significant effects on DOC were observed in soil aggregates. 
Therefore, we predicted that the relatively stable microhabitat in soil aggregates could dampen impacts on SOC stability due to N deposition by physically impeding microbial degradation of carbon towards the interiors of soil aggregates. SOC stability would therefore be improved. Consistent with our hypothesis, we observed that the concentrations of MBN in each aggregate size fractions and MBC in 1-2 mm, 2-5 mm and 5-8 mm aggregate size fractions were significantly lower than those in the bulk soil, while concentrations of DOC, HWOC and ratio of DOC/SOC, HWOC/SOC, MBC/MBN were significantly greater in aggregates than in bulk soil (Fig. 2~4). Thus, we demonstrated that physical protection by soil aggregates could prevent soil microbes from decomposing C efficiently in these fractions. Microscopic observations by other researchers have found the access of substrates to microbes in soil aggregates to be impeded by physical sequestration pores may be inaccessible to microorganisms or their enzymes, and the diffusion of substrates to the cells were very slow (Balesdent, et al., 2000). The ability of the substrate to diffuse to a microbial cell is controlled the extent and kinetics of biodegradation, as well as  the soil matrix. The small pore size, high bulk density and pore tortuosity of soil aggregates versus bulk soil could slow substrate diffusion to microbial cells, impeding air, water, nutrient and external microorganisms and enzymes movement into soil aggregates. In earlier research at this site, we found correlation coefficients between SOC, DOC, HWOC, MBC and enzyme activities, such as urease, acid phosphatase and invertase, in each aggregate size fraction were significantly lower than those in bulk soil (Zhong et al., 2015). 
Each size of soil aggregates can differ in composition of soil microbial community, metabolic activity, soil pore space and water regime, as found as well by researchers studying other soil types and land management practices (Monreal et al., 1997; Tripathi et al., 2008). In our experiment, aggregate size fractions had significant effects on SOC pools and microbial biomass (Table 2). Our finding that MBN decreased in soil aggregates with increasing N deposition, which is the opposite trend to bulk soil, suggests inhibited microbial biomass in soil aggregates compared to bulk soil. The soil aggregates in our research were macroaggregates. The decline of microbial biomass in soil aggregates was related with characteristics of soil macroaggregates (>0.25 mm). Compared with soil microaggregates (0.053-0.25 mm) and silt + clay fraction (<0.053 mm), a lower ratio of surface area and volume was found in soil macroaggregates (Lipiec et al., 2009), thus exogenous active nitrogen would be preferably adsorbed in the soil microaggregates and silt + clay fraction from N deposition. However, for macroaggregates, exogenous nitrogen likely adsorbs to the surfaces of macroaggregates. Only when soil solution was saturated with active nitrogen, which was caused by higher N application, much more exogenous active nitrogen would enter in soil macroaggregates. Support for this idea comes from the positive significant correlation between the amount of N deposition and concentrations of active N and NO3--N, NH4+-N in each aggregate size fraction of soil macroaggregates (r=0.874, 0.862, 0.737, respectively, n=60, p<0.001) (Fig.1 and Fig.5). Furthermore, we found MBC and MBN in 0.25-1 mm aggregate size fraction were significantly higher than the other three sizes. This result was consistent with the results of Wang et al. (2015) and Zhang et al. (2013). It may be due to the higher specific surface area of smaller aggregates sizes, which provides greater opportunity for microbial cells to attach. Moreover, smaller pore sizes in smaller aggregates could physically preserve microorganisms in aggregates against predation by protozoa and desiccation, consequently, causing longer mean residence times for microorganism accumulation in aggregates (Zhang et al., 2013). Due to the relative decline of carbon consumption by microorganisms with increasing aggregates size, concentrations of SOC, DOC, HWOC accumulated in the larger aggregates up to 2-5 mm. However, when the aggregate sizes grew to 5-8 mm, macropores may have resulted in a decline in stability of the soil aggregates (Wu et al., 1990; Peng et al., 2003). As soil aggregates bigger than 5 mm would be more affected by environment changes (Peng et al., 2003), concentrations of soil carbon in 5-8 mm aggregate size fraction would decline.
Fig.5 NO3--N and available N in soil aggregates as a result of simulated N deposition

5. Conclusions
  This study has demonstrated the capacity of soil aggregate structure to dampen changes in carbon cycling induced by anthropogenic N deposition in a subtropical forest soil. Although many previous studies have demonstrated soil response to N addition, and research on other ecosystems and soils has demonstrated the influence of aggregate structure on these processes, we provide important evidence for subtropical forest red soils. Similar to other studies, the microenvironment created by soil aggregates in red soils likely diminishes gaseous exchange and physically protects organic carbon from microbial decomposition by its association within the intact structure of macroaggregates. Moreover, decreased microbial activity elevated the concentrations of DOC, HWOC and labile substrates compared to bulk soil. However, as the levels of DOC and HWOC were very low compared to SOC, simulated N deposition did not impact SOC. This study examined soils after only one year of field application of elevated nitrogen. There is a need to retain such field experiments for longer term monitoring of carbon dynamics.
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Table 1: Soil aggregate size fractions distribution in 0-5 cm soil depth with additional N deposition: N0 (no added N); N50 (additional input of 50 kg N ha-1 y-1); N100 (additional input of 100 kg N ha-1 y-1); N200 (additional input of 200 kg N ha-1 y-1); and N300 (additional input of 300 kg N ha-1 y-1).
Treatment	Soil aggregate size fractions（%）
	<0.25 mm	0.25-1 mm	1-2 mm	2-5 mm	5-8 mm
N0	5.87±2.28 b	22.39±4.54 ab	17.83±1.98 b	18.09±2.71 b	35.83±10.99 a
N50	6.49±1.58 b	24.05±4.83 ab	21.97±4.04 ab	15.42±0.50 ab	32.08±10.77 a
N100	5.58±0.99 c	18.77±0.45 b	17.61±0.63 b	16.44±1.05 b	41.61±2.26 a
N200	5.04±2.18 c	21.59±0.10 b	18.06±1.56 b	18.12± 2.68 b	37.19±2.47 a
N300	7.61±1.06 b	26.79± 3.59 a	21.20±3.57 ab	17.34±1.76 ab	27.05±8.91 a
Mean 	6.12±0.49	22.72±1.49	19.33±1.04	17.08±0.58	34.75±2.75









N deposition × aggregate sizes		0.060	1.000	1.037	0.443	1.126	0.377	0.713	0.727	1.533	0.167	1.404	0.218


Table 3: Contributing rates of each soil aggregate size fraction in SOC (%)

Treatment	Soil aggregate size fractions（%）
	0.25-1mm	1-2mm	2-5mm	5-8 mm	TOTAL
N0	21.18±4.21 a	19.24±1.16 a	19.72±2.02 a	36.08±11.95 a	96.21±6.35
N50	22.87±6.15 a	23.12±4.56 a	16.92±1.41 a	29.44±7.57 a	92.35±4.42 
N100	17.34±1.43 b	18.39±2.53 b	17.63±1.27 b	40.04±5.46 a	93.41±9.88
N200	19.35±1.44 b	18.66±2.00 b	19.27±2.03 b	36.06±6.31 a	93.33±9.97
N300	26.29±3.88 a	24.27±5.38 a	20.60±3.85 a	26.75±6.06 a	97.91±7.06 
mean	21.40±1.71	20.74±1.37	18.83±0.76	33.67±2.71	96.64±1.16
Data are Mean ± standard error, Data with different letter indicate a significant difference between different soil aggregate size fractions with the same N deposition (p<0.05); the effect of N deposition on the same aggregate size fraction was not significant. The used Post Hoc test method here is LSD (lest significant difference test) .
Figure
Captions 
Fig.1 Soil pH, EC and NH4+-N in bulk soil and aggregated soil with simulated N deposition
Fig.2 Soil organic carbon (SOC), total nitrogen (TN) and C/N ratio in both bulk soil and aggregated soil were plotted as a function of simulated N deposition
Fig.3 Dissolved organic carbon (DOC) and hot-water extractable organic carbon (HWOC) plotted as a function of simulated N deposition
Fig.4 Soil microbial biomass carbon (MBC), microbial biomass nitrogen (MBN) and MBC/MBN were plotted as a function of simulated N deposition






Fig.1 soil pH, EC and NH4+-N in bulk soil and aggregated soil with simulated N deposition
Different letter indicate a significant difference on bulk soil or the same aggregate size fraction (p < 0.05). 







Fig.2 Soil organic carbon (SOC), total nitrogen (TN) and C/N ratios in both bulk soil and aggregated soil were plotted as a function of simulated N deposition






Fig.3 Dissolved organic carbon (DOC) and hot-water extractable organic carbon (HWOC) plotted as a function of simulated N deposition.






Fig.4 Soil microbial biomass carbon (MBC), microbial biomass nitrogen (MBN) and MBC /MBN were plotted as a function of simulated N deposition






Fig.5 NO3--N and available N in soil aggregates as a result of simulated N deposition
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